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ABSTRACT

Kunwar, Dom Lal. M.S. The University of Memphis. August 2015. Influence
of Rare-earth on Structural, Magnetic and Electrical Properties of Aluminum Doped
Strontium Hexaferrite. Major Professor: Sanjay R. Mishra, PhD.
Among family of ferrites, M-type hexaferrites find host of industrial
applications ranging from simple magnets to microwave devices. Improvement in
magnetic and dielectric properties of ferrites is a continuous area of interest. The
adapted strategies to bring in aforementioned desired improvements are via exploring
various synthesis route and doping strategies including viz. magnetic, non-magnetic,
and rare-earth atoms in ferrites. In view of the above, the present work studies in detail
the effect of co-doping rare-earth (RE: Pr, Sm, and Gd) and aluminum in
Sr0.82RE0.18Fe12-xAlxO19 (x=0.0, 0.5, 1.0, 1.5, 2.0) synthesized via autocombustion
technique. Detailed synthesis, structural, magnetic, and electrical measurements of
samples were performed towards understanding structural-magnetic-electrical property
relationship.
The variations in physical properties of as synthesized samples were understood
in terms of rare-earth ion charge distribution, site occupancy of RE3+ and Al3+ ions, and
grain size. The substitution of RE3+-Al3+ brings in grain refinement due to induced
lattice strains upon accommodating doped ions. Gd3+-Al3+ displayed smallest crystallite
size among all RE3+-Al3+ samples. The Al3+ substitution for Fe3+ brings in significant
enhancement in coercivity but reduces magnetization due to magnetic dilution effect.
Additional coercivity enhancement was possible with RE3+ doping without affecting
the magnetization of samples. This is an important development towards producing
high energy magnets. Among all RE3+ doped samples Pr3+ doped samples showed
highest Curie temperature, (Tc~465℃), while Gd3+ doped samples showed little
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variation in dielectric properties in GHz frequency range. This makes RE3+ doped
samples as ideal candidate for high frequency microwave applications. From above
observations Pr3+ with oblate charge distribution (negative Stevens constant) was
observed to substitute well into the lattice consequently brining in desired
improvements in physical properties of Sr0.82RE0.18Fe12-xAlxO19 ferrite.
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CHAPTER 1
INTRODUCTION

1.1

Ferrites
The crystalline materials which can exhibit magnetic and electrical properties

are known as ferrites. They are composed of ferric oxide combined with other metal
oxides. Generally, ferrites exhibit spontaneous magnetization in the presence of
external magnetic field. Because of unpaired electrons, atoms of ferrites possess net
magnetic moment. These atomic magnetic moments align in the same direction in a
small area known as magnetic domain. Most of the pure ferrites are isotropic (not
aligned in the crystal axis) in nature due to which they possess high magnetic
saturation, high Curie temperature, high permeability, low coercivity and moderate
permittivity. Synthesis and study of structural, magnetic and electrical properties of
the ferrites was started in 1930. Spinels, hexagonal ferrites,and garnets are the three
main types of ferrites. The basic formula of spinel ferrites is MFe2O4, where M
represents metal ion. The crystal motif consists of cubic closed packed FCC oxides
O2- with M cation occupying one eighth of the tetrahedral sites and Fe cation
occupying one half of the octahedral sites. CoFe2O4, MnFe2O4, ZnFe2O4 are the
example of spinel ferrites. The garnets are the hard ferrite with general formula
M3Fe5O12, where M represents rare-earth cations. Unlike spinel ferrites, the garnets
have dodecahedral sites including octahedral and tetrahedral sites. Hexagonal ferrites
have large family of the ferrites depending on the superposition of the R and S block
along the hexagonal c axis. R and S represent the three- oxygen –layer block with
composition MFe6O11 and two –oxygen layer (spinel block) with composition Fe6O8.
General formula M and W type hexagonal ferrites can be represented by RSR*S* and
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RSSR*S*s* respectively, where R* and S* represent R and S block are turned 180˚
around c axis. Unlike the ferromagnetic material, the magnetic behavior of the ferrites
is quite different due to the fact that ferrites have many sites and electrons spins up in
one particular site and spins down in another site within a single domain. Since there
is unequal number of electrons in various sites, there exists net magnetization in the
domain. As there is only one kind of site in the ferromagnetic material, unpaired
electron spins line up in only one direction in a single domain due to which they
exhibit the highest value of net magnetization. Other families of hexagonal ferrites are
W, X, Y, and Z. The chemical formula of these hexaferrites are given below:
W-type:

RMe12O16

R = Ba, Sr,Pb,etc.

X-type :

Me12Fe28

Me = Fe2+, Ni2+, Mn2+, etc.

Y-type:

R2Me2Fe12O22

Z-type:

R3Me2Fe12O41

These ferrites are not economically important due to difficulties in synthesis.
R.C. Pullar [1] summarized some typical characteristics of hexagonal ferrites:
X-ray density, molecular mass, number of Bohr magnetons, measured saturation
magnetization, Ms at room temperature, calculated maximum saturation
magnetization, Ms at zero Kelvin and Tc for a number of barium M, W, Y and Z
ferrites. TABLE 1.1 shows the important characteristics of hexagonal ferrites.
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TABLE 1.1
CHARACTERISTICS OF HEXAGONAL FERRITES [1].

1.2

M-type Hexagonal Ferrite
M-type hexagonal ferrites are ferrimagnetic materials. The general formula of

these ferries is represented by XFe12O19. The crystal structure of the M-type
hexagonal ferrites was determined by Adelskold in 1982 [2]. Fig.1.1 represents the
crystal structure of the M-type hexagonal ferrites with five sites with space symmetry
group of P63/mmc. There are two chemical formula units in each cell. In each unit,
there are five oxygen layers and one oxygen is replaced by Sr2+ because of similar
ionic radii which give a molecule SrFe12O19. Each molecule is made up of cubic block
having spinel structure S (Fe6O8)2- and a hexagonal block R (SrFe6O11)2+. The
rotational symmetry of each molecule is 180˚ around the c-axis against upper or lower
molecule. In each unit cell, 24 Fe3+ ions occupy interstitial position at five different
sites: 12k, 2a, 2b, 4f1 and 4f2.
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Fig. 1.1. The schematic structure of the hexaferrite. The large open circles are oxygen
ions, the large broken circles are Sr ions; small circles with a cross inside represent Fe
ions at 12k, small circles containing a filled circle inside represent Fe ions at, small
unfilled circles represent Fe ions at, filled small circles represent Fe ions at 2a and
small circles with a unfilled circle inside represent Fe ions at 2b. The magnetic
structure suggested by Gorter is shown on the right, where the arrows represent the
direction of spin polarization [3].

The magnetism of the ferries is due to net magnetic moments of Fe3+ ions at
different crystallographic sites. Each Fe3+ ion has magnetic moment 5 µB at 0 K.
These ions are aligned parallel in the same crystallographic position and hence form a
magnetic sub-lattice. The magnetic interaction between neighboring ions of different
sublattices is due to the super exchange by the O2- ion. The magnetic moments are
4

parallel if an angle between Fe3+-O2--Fe3+ is 180˚ and antiparallel if the angle is 90˚.
In Fig.1.1, six Fe3+ ions of spin up occupy 12k, two Fe3+ ions of spin-down in 4f1 ,
two Fe3+ ions of spin-down in 4f2, one Fe3+ ion of spin-up in 2a, and one Fe3+ spinup in 2b site so that net magnetic moment at 0 K becomes 20µB. The net
magnetization at temperature T is expressed as
Js(T) = 6σk(T) ̶ 2σf1(T) ̶ 2σf2(T)+ σb(T)+ σa(T)…….

(1)

Where σk , σf1, σf2, σb and σa are the magnetization of one Fe3+ ion in their respective
sublattices. Therefore, the total magnetization of each formula unit contributes 20µB.
Magnetic Properties
Magnetic properties are classified into intrinsic and extrinsic magnetic
properties based on the magnetic structure.
Intrinsic Magnetic Properties
Saturation magnetization, magneto crystalline anisotropy constant K1,
anisotropy field strength HA and specific domain wall energy, 𝛾𝑤 represent the
intrinsic properties of the ferrites. Saturation magnetization of ferrites is the maximum
magnetic moments per unit volume per gram which can be determined by taking net
magnetic moments of all sites. The saturation magnetization depends upon the
crystallographic orientation of the sample in external magnetic field. When magnetic
moment in a single crystal tends to move from easy axis to the hard axis, magneto
crystalline anisotropy arises. This anisotropy arises due to spin orbit interaction of
electrons. When orbital motion of the electron couples with the electric field of the
crystal structure, this causes the first order anisotropy of the ferrites. The amount of
energy required to deflect the magnetic moment from easy to hard direction in a
single crystal is called magneto crystalline anisotropy energy. If 𝜃 be an angle
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between the magnetization and c-axis, then magneto crystalline anisotropy energy is
expressed as:
𝐸 = 𝐾1 𝑠𝑖𝑛2 𝜃 + 𝐾2 𝑠𝑖𝑛4 𝜃 + 𝐾3 𝑠𝑖𝑛6 𝜃 + ⋯

(2)

Where 𝐾1 , 𝐾2 and 𝐾3 represent first, second and third order anisotropy constant
respectively.
Curie temperature (Tc)
Temperature above which the materials completely lose its ferromagnetic
order is known as Curie temperature. It also represents the primary intrinsic property
of the hexaferrites.
Anisotropy field strength and domain wall energy represent the secondary
intrinsic magnetic properties as they are derived from the primary magnetic
properties. The maximum coercivity Hc (max) of the material is called anisotropy
field strength (HA). The energy difference between the magnetic moments before and
after the domain wall formed represents the energy domain wall. It depends on the
anisotropy of the materials and expressed in terms of energy per unit wall area.
Extrinsic Magnetic Properties
Those properties which depend on the history of the sample or any factors that
depends on the grain size are extrinsic properties. These properties include
Remanence, coercicvity, and maximum energy product (BH)max.
Magnetic Susceptibility
The magnetic susceptibility of a material is degree of magnetization to which
the material responds to the external magnetic field. Since the magnetization M of the
material is proportional to the applied field H, and then the relation between M and H
can be represented by the following equation
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𝑀 =𝜒𝐻

(3)

Where 𝜒 is the constant known as magnetic susceptibility. It is also defined as
ratio of magnetization to the applied external field. The magnetic susceptibility of the
material varies from small negative to large and positive depending upon orientations
of the atomic magnetic moments. Those materials which do not have net atomic
magnetic moment due to paired electrons are known as diamagnetic materials.
However, these materials exhibit negative magnetic susceptibility due to the fact that
they are weakly repelled in the external magnetic field. When external field is applied
to these materials, the Lorentz force causes the electrons to circulate around the
sample producing eddy current and hence induces magnetic field. For example
Bismuth, water, etc. Those materials which have small but positive magnetic
susceptibility are paramagnetic materials. Since these materials have net magnetic
moments due to unpaired electrons despite randomly oriented magnetic moments,
these materials possess small and positive magnetic susceptibility. The materials
having largest positive magnetic susceptibility are ferromagnetic materials. These
materials reveal large net magnetic moment due to the fact that all atomic magnetic
moments are aligned in the same direction. Some of the materials have similar
magnetic susceptibility like a paramagnetic materials attributed due to the anti-parallel
aligned magnetic moments. Some magnetic materials have both parallel and
antiparallel atomic magnetic are the ferromagnetic materials. These materials have
positive large magnetic susceptibility.

7

Magnetic Permeability
The degree of ability of the material to support the magnetic field within itself
is called magnetic permeability. The magnetic flux inside a material is developed due
external magnetic field. The relation between magnetic flux density B and H is given
by the following equation:

B =µ0 (H + M) = µ0H + J

(SI)

(4)

Where M is the magnetization, J is the polarization and µ0 is the permittivity
of the free space is equal to 4𝜋x10-7Tm/A.
Hysteresis Loop
French Physicist Pierre- Ernest Weiss in 1906 suggested existence of magnetic
domains in the ferromagnetic materials. Typically 1012 to 1018 magnetic moments
align parallel in each domain. When external magnetic field is applied to these
materials, magnetic moments of these domains are aligned in the same direction
which causes the net magnetization of the ferrites. Ferromagnetic and ferromagnetic
materials are attributed with these magnetic domain structures which is responsible to
various intrinsic and extrinsic magnetic properties. When external magnetic field is
applied sufficiently enough, magnetic moments align in the same direction and the
materials gains saturation. These materials once magnetized in one direction do not
return to zero magnetization unless an external field is applied in the opposite
direction. When the opposite field is applied to such materials, the magnetization of
the materials does not follow the previous trend but lags behind the applied field
which produces the hysteresis loop. The alignment of magnetic domains in the
materials retain net magnetization even in the absence of external field prevents the
magnetization curve to retrace. The plot of induced magnetic field B against applied

8

field H as shown in Fig.1.1 represents the hysteresis loop of the magnetic materials
[4].

Fig. 1.2. Hysteresis loop [4]

Application of ferrites
Ferrites have wide applications in various field of science and technology
depending on their types. Soft ferrites are used to make core of the transformer as they
can be easily magnetized and demagnetized without dissipating much energy [5]. Soft
ferrites with higher resistivity can be used in core of radio frequency transformer and
inductor. These ferrites prevent eddy current to flow though the core due to their high
resistivity and hence prevents form overheating. For example nickle and zinc based
soft ferrites are used in core of transformer. Hard ferries are used in microwave
devices, high density recording media, telecommunication, permanent magnet, core
memory, stealth aircraft, etc. The application of soft ferrites are listed in TABLE 1.2
[6].
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TABLE 1.2.
SOFT FERRITES APPLICATION [6].
Magnetic Devices
Application
Power transformer and chokes
HF power supplies and lighting
ballasts
Inductors and tuned transformers
Frequency selective circuits
Pulse and wideband transformers
Matching devices
Magnetic deflection structures
TV sets and monitors
Recording heads
Storage devices
Rotating transformers
VCRs
Shield beads and chokes
Interference suppression
Transducers
Vending machines and ultrasonic
cleaners
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CHAPTER 2
LITERATUTE REVIEW

2.1

M-type Hexagonal Ferrites
The magnetite (Fe3O4) commonly known as load stone was the first ferrite

used by Chinese navigator in compass for navigation. In 1932, Kato and Takei
invented “Ferrite” a magnetic ceramic compound containing iron and other materials
[7].
In 1950s, Philips Company invented barium and strontium hexaferrites [8-9].
First anisotropic barium ferrite was made by compacting the powder in the magnetic
field. It was used in tape recording due to its low coercivity and platelets crystalline
shape with the preferred axis normal to the surface.
Some further improvements in magnetic parameters of the hexaferrite were
obtained via exploring synthesis routes including solid state, mechanical alloying,
hydrothermal, auto-combustion, nanowires, etc.
Ding et al. studied the magnetic properties of Sr and Ba ferrite prepared by
mechanical alloying [10]. They noticed higher value of coercivity ~5- 6kOe for
BaFe12O19 and 6-7kOe for SrFe12O19 prepared at 800- 900℃.The coercivity decreased
with increase in calcination temperature due to grain growth.
Jin et al. studied magnetic properties of isotropic SrFe12O19 fine particles
prepared by mechanical alloying from Fe oxides and SrCO3 [11]. They transformed
the ball milled sample to the hard magnetic phase by heating samples above 750℃.
They found that annealing at low temperature can play similar role in structural
transformation as compared with long time milling process. Ball milling technique
can reduce particle size from multi domain to the single domain. Optimal value for
coercivity and magnetization was found for all the samples annealed at 1000 to
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1100 ℃. The saturation magnetization and coercivity were measured up to 74.8 emu/g
and 5.6 kOe, respectively.
Wang et al. studied magnetic properties of the hydrothermally synthesized Sr
hexaferrite with Sm substitution [12].They found that unlike transition metal element
substitution, Sm substitution does not decrease hexaferrite particle size. Sm
substitution can enhance the intrinsic coercivity of the Sr-hexaferrite without causing
any deterioration of the saturation magnetization and remanence. Little change in
coercivity was observed for the Sm/Sr ratio from 1/8 to1/2 but magnetization and
remanence remain unaffected.
Wang et al. studied La- substituted strontium hexaferrites by hydrothermal
synthesis. They found that most of the La substituted samples exhibit a similar
magnetization to that of SrFe12O19. The coercivity of the La substituted samples
increased slightly with the La/Sr ratio, with a maximum 5% improvement at La/Sr
=1/8 and then decreased with higher La/Sr ratio. For La/Sr =1/8, particle size did not
change while larger ratio tend to increase the overall average particle size. Also they
were able to eliminate 𝛼-Fe2O3 and La2O3 phases that existed in the as prepared
samples.
Kiani et al synthesized and characterized of SrFe12O19 nanoparticles produced
by the low temperature solid state reaction method [13]. They studied the effect of the
preparation conditions of the samples such as calcination temperature, Fe3+/Sr2+, and
Na1+/ Sr2+ mole ratio on the phase composition, particle size and shape, and magnetic
properties of the calcined samples. The sample calcined at 750 ℃ was single phase
with grains size 30 to 100nm for Fe3+/ Sr2+ mole ratio of 10. They noticed that low
amount of strontium produced the intermediate phase 𝛼–Fe2O3 and too much
strontium will produce another intermediate SrFe2O4 phase.
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Yang et al. prepared and studied magnetic properties of controllable
morphologiesnano SrFe12O19 particles prepared by sol–gel self-propagation method
[14]. They used organic template (EDTA, molten stearic acid, or oxalic acid) as a
dispersant during citric acid addition to prepare needle, rod, and partially rod shared
samples. The coercivity of needle-shaped, rod-shaped, and spherical crystal was
measured up to 6446.9 Oe, 6036.9 Oe, 5907.7 Oe, and 5378.3 Oe, respectively.
Coercivity was improved with an increase of anisotropy. The saturation magnetization
values for needle-shaped, rod-shaped, partial rod-shaped, and spherical SrFe12O19
were 68.9 emu/g, 60.7 emu/ g, 56.7 emu/g, and 57.2 emu/g, respectively.
Wang et al. synthesized nanowires of diameters 100 nm and length of 2.5 μm
using hydrothermal cell at 180 ℃ at 0.35 T applied magnetic field [15]. They found
that saturation magnetization of as-prepared sample was higher than that of the
sample prepared in zero field. It was suggested that the improvement of magnetic
properties of nanosized SrFe12O19 was mainly due to that of external magnetic field.
The external magnetic field could lead to less disordered and/or disrupted defects in
magnetic lattice, giving rise to fewer barriers for domain wall motion.
The above synthesis methods did improve the magnetic parameters to some
extent but still could not meet the theoretical limits [16-17]. It was soon realized that
further improvements in magnetic properties of hexaferrite is possible by replacing
either Sr/Ba/Pb or Fe3+ by magnetic, non- magnetic and rare-earth atoms. This
substitution is supposed to affect Fe3-O2-- Fe3+ super exchange interaction and
magneto crystalline anisotropy, which essentially can change saturation
magnetization, coercivity and Curie temperature of the ferrite compounds.
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2.2

Singly Doped Hexagonal Ferrites
In 2010, Iqbal et al. studied the physical, electrical and dielectric properties of

Ca-substituted Sr- hexaferrites nanoparticles synthesized by co-precipitation method
[18]. They found average crystallite size was between 17 and 29 nm. DC electrical
resistivity increased with increase of Ca2+ content up to level of x=0.2 but decreased
on further addition of Ca2+ content.
In 2012, Luo et al. studied the physical and magnetic properties of highly
doped strontium ferrite nanoparticles prepared by auto-combustion route [19]. They
synthesized SrFe12-xAlxO19 and was able to increase coercivity by 321% (x=4) as
compared to the pure Sr-ferrite. They also observed the continuous change in
morphology of the particle, from sphere to disk and rod shape inspite of high
coercivity magnetization deteriorated with Al3+ substitution.
In 2006, Qiu et al. studied effect of Cr substitution on microwave absorption
of BaFe12O19 [20]. After Mössbauer study, they found that Cr3+ ions substitute for
Fe3+ ions on the 2a sites, and simultaneously lead to the quadruple splitting on the 4f1
site. These changes decreased the anisotropy field.
In 2003, Lechevallier et al. studied the structural and magnetic properties of
Sr1-xSmxFe12O19 hexagonal ferrites synthesized by a ceramic process [21]. They
observed that the coercivity was increased with Sm3+ contact and secondary phases 𝛼Fe2O3 and SmFeO3 were responsible for the remanence decrease. They claimed that
the increase of coercivity of the cancinated material was attributed to microstructural
changes in relation to the presence of secondary phases, and to the presence of Sm in
the M phase.
In 2006, Suriya Ounnunkad synthesized La or Pr-substituted barium
heaxaferrites and studied the structural and magnetic properties [22]. The higher value
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of saturation magnetization and coercivity with the substitution of La or Pr was
attributed to higher magnetocrystalline anisotropy.
In 2007, Narang et al. synthesized Sr1-xRExFe12O19 (RE=La3+, Nd3+ and Sm3+)
with (x=0 to 0.3) and studied the high frequency dielectric behavior [23]. They found
that dielectric constant and loss tangent both decreased with increasing frequency,
which agrees with the Maxwell-Wagner double layer model.
In 2008, Lechevallier et al. prepared M-type hexaferrite Sr1-xRExFe12O19 (x= 0
to 0.4) [24]. They found that only light rare-earth ion can enter the M-type structure,
with a solubility that is related to the shape of the 4f electronic charge distribution and
to its surroundings in the crystal structure. Rare-earth ions are located in the site while
ions modify the surroundings of site, increasing the solubility of rare-earth ions.
In the 2008, Jalli et al. studied the magnetic and microwave properties of Smdoped single crystals [25]. The samples was grown from melts using a flux system.
They found that the saturation magnetization and anisotropy field are greatly affected
by the doping concentration of Sm. A saturation magnetization ~of 69.8 emu/g and
an anisotropy field ~25 kOe was achieved.
In 2010, Anterpreet et al. learned electrical and magnetic properties of rareearth ion substituted strontium hexaferrites [26]. They substituted La, Nd, Sm by a
standard ceramic processing technique. They showed that AC electrical conductivity
increased with increasing frequency, which was explained on the basis of Koops
Model. The values of the magnetization moment and remenance decreased with
increasing rare-earth ions substitution for all the samples. The decreased in saturation
magnetization and remanence was attributed to the magnetic dilution and spin canting
[27], which affects reduction of super-exchange interaction of RE ions. The observed
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enhancement of coercivity values was due to higher magnetocrystalline anisotropy of
RE ions.
2.3

Doubly Doped Hexagonal Ferrites
In 2008, Iqbal et al. studied the structural, magnetic and electrical properties of

Al-Ga substituted co-prepared nanocrystalline strontium hexaferrite [28]. They found
that room temperature DC electrical resistivity and activation energy increased with
the increase in Al-Ga substitution. However dielectric constant and dielectric loss
factor decreased with increasing Al-Ga concentration. With the Al-Ga substitution,
they were able to increase room temperature DC resistivity from 2.45x108 Ω-cm to
25.96x108 Ω-cm.
In 2011, Liu et al. researched La3-Co2+ substituted strontium ferrite magnets for
high intrinsic coercive force [29]. They observed higher value of saturation
magnetization and coercivity without significant decrease in residual flux density by
La3+ - Co2+ substitution. However Curie temperature decreased gradually with
increasing La3+ - Co2+ concentration.
In 2011, Ashiq et al. studied the effect of Al-Cr doping on the structural,
magnetic and dielectric properties of strontium hexaferrite nanomaterials [30].They
found that saturation magnetization, remanence, coercivity and magnetic moment
decreased with the increase in Al-Cr concentration. The decrease in dielectric constant
and dielectric loss factor with Al-Cr substitution suggested that these materials can be
used for the application in high density recording media.
In 2012, Rai et al. studied the influence of RE3+ co-substitution on the
structural and magnetic properties of Sr0.82RE 0.18Fe12O19 (RE=La0.18-xPrx) ferrites
[31]. They were able to improve the magnetic properties. They found that substituted
ferrite exhibit higher coercivity as compared to the pure ferrite due to the higher
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magneto- crystalline anisotropy associated to Fe2+ ion anisotropy and contribution of
Pr3+ ion anisotropy due to oblate 4f charge distribution.
In 2013, Rai et al. synthesized high coercivity RE ion doped Sr0.9RE 0.1Fe10
Al2O19 (RE=Y, La, Ce, Pr, Nd, Sm, and Gd) [32]. They found 73% increase in
coercivity for Al3+ substituted Sr- ferrite as compared to pure Sr-ferrite. With the rareearth substitution for Sr2+ ions, the room temperature magnetization decreased which
is associated with the valance change of Fe3+ to Fe2+ and non-collinear spin
arrangement of magnetic moments.
In 2014, Shakoor et Al. studied electrical, dielectric and magnetic properties of
Bi-Cr substituted M –type Sr- hexaferrites nanoparticles synthesized by sol-gel
method [33]. They observed that room temperature electrical resistivity decreased on
increasing Bi-Cr content in SrFe12-2xBixCrxO19. They also found that saturation
magnetization, remanence, increased with Bi-Cr content up to x=0.2. However
coercivity decreased up to x=0.2 and then increased with the increase of Bi-Cr
content. They suggested that the materials with increasing saturation magnetization
and remanence but decrease in coercivity are suitable for magnetic recording media.
2.4

Project Rational
From the literature review it is evident that optimum magnetization along with

higher coercivity of the ferrite could not be achieved for various applications. It is
also evident from the literature review that Al3+ is a desired dopant which enhances
coercivity, increases resistivity, and reduces the dielectric losses. Considering the fact
that RE3+ are anisotropic in their 4f charge distribution, it is hypothesized that
substitution of RE3+ doping along with Al3+ can improve magnetocrystalline
anisotropy and concomitantly improve coercivity. In addition, RE3+ ions are magnetic
thus could possibly undergo super-exchange Fe3+-O2--RE3+ interaction thus
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compensating the deleterious effect on the magnetization reduction as often observed
in the doped hexaferrites. Furthermore additional grain refinement upon RE3+ can
improve dielectric constant and dielectric losses in the hexaferrite. Rare earth 4f
charge distribution is described by Stevens constant (𝛼𝑗 ). The rare -earth with
negative 𝛼𝑗 have oblate (Pr ~ −2.2x10-2), positive have prolate (Sm ~4.12 × 10−2 )
and zero 𝛼𝑗 have spherical (Gd ~0) charge distribution due to half-filled 4f shells
[34]. Fig.2.1 shows the rare earth single –ion anisotropy.

Fig. 2.1. The rare earth single –ion anisotropy (a) prolaticity of rare-earth 4f electron
cloud, (b) rare earth ion in a cubic environment and (c) rare-earth ions in tetrahedral
environment (The arrow shows the magnetization direction) [34].

In view of above, an attempt is made to synthesize and study structural, magnetic,
and electrical properties of the co-doped Sr0.82RE0.18Fe12-xAlxO19. The main objectives
of the proposed study are:
1. synthesis of Sr0.82RE0.18Fe12-xAlxO19 ( RE= Pr, Sm, and gd) via.
autocombustion method,
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2. study structural-magnetic relationship of co-doped Sr0.82RE0.18Fe12-xAlxO19
ferrites,
3. study electrical and high frequency dielectric behavior of synthesized ferrites.

19

CHAPTER 3
EXPERIMENTAL

3.1

Synthesis
Sol-gel auto combustion technique involves the combustion of the redox

mixture, in which metal nitrates acted as an oxidizing reactant citric acid is as a
reducing agent. This process is simple, safe, and rapid process where in main
advantages are high homogeneity, high purity and time saving and ultrafine powders
[35].
Weighing advantages and disadvantages of the various synthesis route as
discussed in the literature review section, a prudent choice was made in favor of solgel autocombustion technique to synthesis Sr0.82RE0.18Fe12-xAlxO19 . Chemicals
required for the synthesis were purchased from Sigma Aldrich.). Stoichiometric
amount of RE(NO3)3.6H2O, Sr(NO3)2, Fe(NO3)39H2O, and Al(NO3)39H2O were
dissolved in a minimum amount of deionized water (100 ml for 0.1mol of Fe3+) by
stirring on a hotplate at 60 ℃ for 30 minutes. Citric acid was dissolved into the
solutions to give a molar ratio of metal ions to citric acid of 1:1. NH4OH was added
drop wise to the solution until the pH value~ 6.5 maintained. Then the solution was
heated on a hotplate at 300℃ until gel ignites with the formation of large amounts of
gas, resulting in lightweight voluminous powder. The resulting “precursor” powder
was calcined at 950℃ for 12 hours to obtain pure Sr0.82RE0.18Fe12-xAl2O19 hexaferrite
powder [34].
The balanced chemical reaction during the process is given as:

0.82 Sr(NO3)2 + 0.18RE(NO3)3 + (12-x) Fe(NO3)3 + x Al(NO3)3 + C6H8O7 +
NH4OH →Sr0.82RE0.18Fe12-xAlxO19 +NH4NO 3 + CO2 + H2O
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(5)

The details of the chemicals used for the synthesis of Sr0.82RE0.18Fe12-xAlxO19 was
summarized in the TABLE 3.1-3.3

TABLE 3.1
DETAILS OF THE CHEMICALS USED FOR 1 GRAM PREPARATION
OF Sr0.82Pr0.18Fe12-xAlxO19.
Weight (g)
Samples
Sr(NO3)2
Pr(NO3)3
Fe(NO3)3 Al(NO3)3 Citric Acid
Sr0.82Pr0.18Fe12O19
Sr0.82Pr0.18Fe11.5Al0.5O19
Sr0.82Pr0.18Fe11Al1O19
Sr0.82Pr0.18Fe10.5Al1.5O19
Sr0.82Pr0.18Fe10Al2O19

0.16116
0.16391
0.16618
0.16853
0.17060

.6H2O
0.05684
0.05761
0.05842
0.05924
0.05997

.9H2O
4.5173
4.3854
4.2558
4.1195
3.9716

.9H2O
0.0000
0.1772
0.3592
0.5465
0.7376

2.5454
2.5803
2.6162
2.6528
2.6856

TABLE 3.2
DETAILS OF THE CHEMICALS USED FOR 1 GRAM PREPARATION
OF Sr0.82Sm0.18Fe12-xAlxO19
Weight (g)
Samples
Sr(NO3)2 Sm(NO3)3 Fe(NO3)3 Al(NO3)3 Citric Acid
.6H2O
.9H2O
.9H2O
Sr0.82Sm0.18Fe12O19
0.1618
0.07461
4.5226
0.0000
2.5484
Sr0.82Sm0.18Fe11.5Al0.5O19
0.1641
0.07565
4.3933
0.1774
2.5832
Sr0.82Sm0.18Fe11Al1O19
0.1663
0.07669
4.2605
0.3596
2.6189
Sr0.82Sm0.18Fe10.5Al1.5O19
0.1687
0.07777
4.1238
0.5471
2.6557
Sr0.82Sm0.18Fe10Al2O19
0.1712
0.07896
3.9874
0.7405
2.6963

TABLE 3.1
DETAILS OF THE CHEMICALS USED FOR 1 GRAM PREPARATION
OF Sr0.82Gd0.18Fe12-xAlxO19
Weight (gm)
Samples
Sr(NO3)2
Gd(NO3)3 Fe(NO3)3
Al(NO3)3 Citric Acid
.6H2O
.9H2O
.9H2O
Sr0.82Gd0.18Fe12O19
0.1615
0.07562
4.5124
0.0000
2.5427
Sr0.82Gd0.18Fe11.5Al0.5O19 0.1637
0.07655
4.3833
0.1769
2.5773
Sr0.82Gd0.18Fe11Al1O19
0.1659
0.07771
4.2506
0.3588
2.6129
Sr0.82Gd0.18Fe10.5Al1.5O19 0.1683
0.07879
4.1142
0.5457
2.6495
Sr0.82Gd0.18Fe10Al2O19
0.1707
0.07991
3.9739
0.7379
2.6872
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3.2

Sample Characterization
Structural characterization including phase purity, lattice parameter, grain size

lattice strain was performed on powder samples using x-ray diffractometer (D8
Advance Bruker Inc.) with Cu-Kα radiation ( λ=1.54056 Å). FTIR spectra were
collected in transmission geometry on a disc shaped sample prepared by mixing KBr
95Wt. % with samples of 5Wt. %. Thermo Electron (TR 100) was used to collect
FTIR spectra. Room temperature magnetic parameters were obtained from
demagnetization curves measured using SQUID (Quantum Design, Inc.). A 6mm
diameter and 2mm thick disc was prepared by mixing powder with PVA 5Wt. % in
200mg powder samples. Pressure of 5MPa was applied on samples using a press die.
Electric measurement including resistivity was performed on the disc shaped samples
in a temperature range up to 190℃ using two probe method (TPR-EXP, SVS Labs,
CA, USA).The activation energy was measured using Arrhenius equation [36] given
by:
∆𝐸

𝜌 = 𝜌0 exp (𝐾𝑇)

(6)

Where, ∆𝐸 is the activation energy, 𝜌 is the resistivity at temperature T.
Dielectric measurements were performed on the same sample in the low
frequency range 10 kHz to 10MHz using Multi Frequency LCR Meter (4275A
Translucent Technologies LLC) and high frequency range 200MHz to 13700MHz
using FieldFox Microwave Analyzer (N9915A).
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CHAPTER 4
RESULT AND DISCUSSION
4.1

X-ray Diffraction
The x-ray diffraction pattern (XRD) of Sr0.82RE0.18Fe12-xAlxO19 heated at

950°C is shown in Fig. 4.1. (a), (b) and (c). From XRD pattern, presence of highly
crystalline M-type hexaferrite with small amount of secondary phases is confirmed.
The phase of the as prepared ferrite corresponds to hexagonal P63/mmc symmetry
group. The unset of the Fig. 4.1. (a), (b) and (c) gives the expanded view of the
diffracted peaks (107), (200) and (203) between 2𝜃 angles of 34° -38°. The peaks are
observed to shift to higher 2𝜃 values implying the contraction of lattice with Al3+
substitution. Observed peak broadening with Al3+ content also indicate decrease in
crystalline size of the Sr0.82RE0.18Fe12-xAlxO19. Furthermore the presence of secondary
phase Fe2O3 was observed to increase with the atomic weight of the rare-earth viz, Pr,
Sm, Gd. Also secondary phases such as Gd(FeO3), PrFe2O3, and SmFe2O3 were also
observed, although the secondary phase related to Pr is minimum among the samples.
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Fig. 4.1. (a) XRD patterns of Sr0.82Pr0.18Fe12-xAlxO19 (x=0.0, 0.5, 1.0, 1.5, 2.0)
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Fig. 4.1. (b) XRD patterns of Sr0.82Sm0.18Fe12-xAlxO19 (x=0.0, 0.5, 1.0, 1.5,
2.0)
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Fig. 4.1. (c) XRD patterns of Sr0.82Gd0.18Fe12-xAlxO19 (x=0.0, 0.5, 1.0, 1.5, 2.0)
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4.2

Lattice Parameter
The XRD data of all three sets of sample were fitted and analyzed using

TOPAS 3 (Bruker Inc. ) to determine the lattice parameters ‘a’, ‘c’ and volume, ‘V’ of
Sr0.82RE0.18Fe12-xAlxO19. Lattice parameters of Sr0.8RE0.18Fe12-xAlxO19 are listed in
TABLE 4.1 and plotted as a function of RE3+ and Al3+ content in Fig. 4.2 (a) and (b)
and (c) It is observed from Fig. 4.2 (a), (b), and (c) that ‘a’ and ‘c’ and V decrease at
a rate of -0.0238Å,-0.0979 Å and -8.33 Å3 per Al3+ content, respectively with
increasing Al3+substitution. The decrease in lattice parameters ‘a’ and ‘c’, and ‘V’
decrease is due to smaller radii of Al3+ (0.535Å) replacing Fe3+ (0.65Å). It is evident
from TABLE 4.1 that overall Pr3+ samples display higher lattice parameter values as
compared to other RE (Sm, Gd) doped Sr0.82RE0.18Fe12-xAlxO19. The higher lattice
parameter value of Pr3+ doped sample results from its bigger ionic radii (1.13Å) as
compared to the radii of Sm3+(1.098Å) and Gd3+ (1.078Å) upon replacing
Sr2+(1.38Å).
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TABLE 4.1
LATTICE PARAMETERS ‘a’, ‘c’ and ‘V’ of Sr0.82RE0.18Fe12-x AlxO19.
Crystallite
Micro
Samples
a (Å)
c (Å)
V(Å3)
size (HWL) deformation
(nm)
(-ε)
Sr0.82Pr0.18Fe12O19
5.88563 23.0744 692.224
47.8
0.0049
Sr0.82Pr0.18Fe11.5Al0.5O19
5.86557 22.9962 685.183
45.7
0.0049
Sr0.82Pr0.18Fe11Al1O19
5.85534 22.9462 680.397
44.0
0.0051
Sr0.82Pr0.18Fe10.5Al1.5O19
5.84753 22.9147 678.562
42.9
0.0050
Sr0.82Pr0.18Fe10Al2O19
5.83511 22.8703 674.699
40.8
0.0054
Sr0.82Sm0.18Fe12O19
Sr0.82Sm0.18Fe11.5Al0.5O19
Sr0.82Sm0.18Fe11Al1O19
Sr0.82Sm0.18Fe10.5Al1.5O19
Sr0.82Sm0.18Fe10Al2O19

5.87716
5.86394
5.85402
5.84225
5.83245

23.0498
22.9882
22.9404
22.8972
22.8635

689.493
684.475
678.345
676.823
673.558

49.4
44.9
42.7
41.7
40.1

0.0042
0.0052
0.0050
0.0050
0.0055

Sr0.82Gd0.18Fe12O19
Sr0.82Gd0.18Fe11.5Al0.5O19
Sr0.82Gd0.18Fe11Al1O19
Sr0.82Gd0.18Fe10.5Al1.5O19
Sr0.82Gd0.18Fe10Al2O19

5.87874
5.86246
5.84994
5.83809
5.83107

23.0475
22.9741
22.9343
22.8907
22.8607

688.891
683.799
676.984
674.356
673.157

46.3
42.1
40.5
39.7
38.6

0.0042
0.0052
0.0048
0.0057
0.0059
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Fig. 4.2. Lattice parameter as (a) ‘a’ and (b) ‘c’ (c) volume ‘V’ of
Sr0.82RE0.18Fe12-xAlxO19 as a function of Al3+ content.
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The average crystallite size and micro deformation were determined by using
Halder-Wagner-Langford’s (HWL) plot technique applied to the XRD data [37].
According to HWL, the relationship between FWHM of x-ray diffraction peaks, ‘’,
with the mean crystallize size, ‘T’, and the microdeformation of a grain, ‘’, is given
as
𝛽∗ 2

1

𝛽∗

𝜀 2

(𝑑∗ ) = 𝑇 (𝑑∗2 ) + (2)

Where, * is given by   

d 

2



(7)


cos  ,  the x-rays wavelength, and d* is given as


sin   . The plot of the equation 7 is shown in Fig. 4.3 (a), (b), and (c).

Crystallite size and micro-strain deformation measured from the plot is summarized in
the TABLE 4.1. The variation of crystallite size of Sr0.82Pr0.18Fe12-x AlxO19 as a
function of Al3+ content is shown in Fig. 4.4. The decrees in crystallite size is due to
the fact that RE3+- Al3+ substitution inhibits the grain growth as they enter into grain
boundaries and accelerate the formation of secondary phases. The observed secondary
phases cause the grain refinement accompanied by lattice stain.

30

Fig. 4.3. Halder-Wagner-Langford’s (HWL) plot of (a) Sr0.82Pr0.18Fe12-x
AlxO19, (b) Sr0.82Sm0.18Fe12-x AlxO19, and (c) Sr0.82Gd0.18Fe12-x AlxO19.
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Fig. 4.4. Variation of mean crystallite size of Sr0.82RE0.18Fe12-x AlxO19 as a function
of Al3+content.

The mean crystallite size of Sr0.82RE0.18Fe12-xAlx calculated using HalderWagner Langford’s (HWL) plot technique follows decreasing trend with increasing
Al3+content. The measured mean crystallite size of Sr0.82Pr0.18Fe12-x AlxO19 (47.8 to
40.8nm), Sr0.82Sm0.18Fe12-xAlxO19 (49.4 to 40.1nm) and Sr0.82Gd0.18Fe12-x AlxO19
(46.3to 38.6nm) for x=0 to x=2. It has been observed that value of crystallite size is
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highest for Pr and lowest for Gd doped samples in agreement with their ionic radii i.e.
Pr (1.13Å)> Sm (1.098Å)> Gd (1.078Å).
Overall observed strain in Gd3+ doped Sr0.82Gd0.18Fe12- xAlxO19 is higher than
other RE3+ (Sm,Pr) doped samples. The higher value of strain in Gd3+ doped samples
may result from presence of secondary phases as confirmed via XRD. It has been
reported earlier by Lechiviller et.al [24] that Pr3+ with 4f charge distribution is easily
accommodated in SrFe12O19 unit cell. Thus our results further confirms the fact that
charge symmetry of rare-earth controls the accommodation of RE3+ in SrFe12O19 unit
cell. Sm (positive Stevens constant) and Gd (zero Stevens constant) are thus not as
desired as Pr3+ (negative Stevens constant) as the later produces minimum lattice
distortion and secondary phases.
4.3

FTIR Studies
FTIR spectra of Sr0.82RE0.18Fe12xAlxO19 is shown in Fig.4.5. From Fig. 4.5, the

FTIR spectrum of Sr0.82RE0.18Fe12xAlxO19 exhibit two high frequency bands in the
range between 900cm-1 to 400 cm-1.The frequency absorption bands at 609.4 cm-1 and
447.4cm-1 corresponds to tetrahedral and octahedral M-O stretching vibration of the
pure Sr- ferrite respectively. These absorption bands corresponds to the typical
absorption of SrFe12O19 [38]. A very approximate bands were also observed in the
SrZr0.2Cd0.2Fe11.6O19 [39].This ensures the formation of the strontium ferrites in all set
of samples. The shifting of absorption bands towards higher frequency has been
observed with increasing Al3+ content. This shift in the wave number is due to higher
energy absorption accompanied by change in bond length. TABLE 4.2 shows wave
number of corresponding absorption peaks of Sr0.82RE0.18Fe12xAlxO19. This shift in
wave number to the higher values is due to the lattice contraction upon Al3+
substitution. The increased bonding between Fe3+-O2- due to lattice contraction shifts
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the peak position to the higher wave numbers. Contrary to expected result, higher
wave numbers shift is observed in Pr3+ doped samples as compared to other RE3+
(Sm, Gd) doping in Sr0.82RE0.18Fe12xAlxO19. Even though Pr3+ doped Sr0.82RE0.18Fe12xAlxO19

has higher lattice volume, the shift in wave number to high values suggest

tight bonding with near neighbor O2-. This again indicates that RE3+ with negative 𝛼 j
(Pr3+) can fit very well into Sr0.82RE0.18Fe12xAlxO19 unit cell.
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Fig. 4.5. FTIR spectra of (a) Sr0.82Pr0.18Fe12-xAlxO19, (b)
Sr0.82Sm0.18Fe12-xAlxO19, and (c) Sr0.82Gd0.18Fe12-xAlxO19
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TABLE 4.2
WAVE NUMBERS FOR PEAK 1 AND PEAK 2 OF Sr0.82RE0.18Fe12- xAlxO19
OBTAINED FROM THE FTIR MEASUREMENT
Al
Wave- number(cm-1) Wave- number(cm-1)
Wave- number(cm-1)
content,
for Pr- doped
for Sm-doped samples
for Gd–doped
x
samples
samples
Peak 1
Peak 2
Peak 1 Peak 2
Peak 1 Peak 2
0.0
447.40
609.40
447.4
609.40
447.4
609.40
0.5
455.12
617.11
455.12 617.11
445.12 617.11
1.0
462.83
624.82
455.12 617.11
455.12 617.11
1.5
462.83
624.82
455.12 624.82
462.83 624.82
2.0
470.55
632.54
462.83 624.82
462.83 624.82

4.4

Magnetic Properties
Fig. 4.6. (a), (b), and (c) shows RT demagnetization curves Sr0.82RE0.18Fe12-

xAlxO19

obtained using SQUID. The magnetic parameters saturation magnetization,

remanence, and coercivity were extracted from the demagnetization curves and are
summarized in TABLE 4.3. The demagnetization curve show the characteristic
behavior of hard ferrites with high coercivity. The saturation magnetization, Ms of
Sr0.82RE0.18Fe12- xAlxO19 as a function of Al3+ content is shown in Fig 4.7. The
magnetic properties of the substituted ferrite in comparison to pure SrFe12O19 has
been changed significantly upon RE3+ and Al3+ substitution in Sr0.82RE0.18Fe12xAlxO19.
On an average the saturation magnetization, Ms decreases linearly with Al3+ content at
the rate of -15.8 emu/g per Al3+ substitution.
The value of saturation magnetization, Ms is maximum for Pr-doped Sr-ferrite
(62.24 emu/g) and minimum for Gd doped ferrite (56.88emu/g) for (x=0). This
variation of magnetic properties can be explained on the basis of site occupancy of the
substituted ions. The magnetic moment in M-type hexaferrite is due to the distribution
of iron on five non-equivalent sublattices of which three are octahedral (2a, 12k, and
36

4f2), one tetrahedral (4f1) and one trigonal bipyramidal (2b) [40]. The sites 12k, 2a,
and 2b have upward spins and 4f1 and 4f2 have downward spin of electrons. The total
magnetic moment (i.e., 20 μB) is due to uncompensated upward spins. The
nonmagnetic Al3+ion replaces Fe3+ ion (5μB) from the sites having spin upward
direction, mainly 12k, which is responsible for the reduction in saturation
magnetization and remanence of the synthesized materials [19]
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Fig. 4.6. RT demagnetization curves of Sr0.82RE0.18Fe12- xAlxO19.

38

Pr
Sm
Gd
SrFe12-xAlxO19

60
55

Ms (emu/g)

50
45
40

35
30
0.0

0.5

1.0
1.5
x, Sr0.82RE0.18Fe12-xAlxO19

2.0

Fig. 4.7. Variation of saturation magnetization of Sr0.82RE0.18Fe12- xAlxO19 as a
function of Al3+ content.

Additional contributing factors to the observed decrease in magnetization are,
(1) lattice contraction with the substitution of RE3+ and Al3+ which changes the bond
angle of Fe3+-O2- -Fe3+ and alters the strength of the super-exchange interaction, and
(2) the substitution of Sr2+ with RE3+ leads to conversion of Fe3+ to Fe2+, reduces the
net magnetic moment per unit volume and (3) the increased amount of paramagnetic
secondary phases in heavier RE3+ doped Sr0.82RE0.18Fe12- xAlxO19.
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The variation of ratio of Mr/Ms of Sr0.82RE0.18Fe12- xAlxO19 as a function of
Al3+ content is plotted in Fig. 4.8. Most of the samples exhibit the squareness ratio are
approximately 0.5. This ratio measures the squareness of the hysteresis loop.
According to Stoner-wohlfarth relation [41], a saquareness ratio of 0.5 or more
indicates that the material is in a single magnetic domain while with values much
lower than 0.5 formation of the multidomain structure is expected. The Mr/Ms values
very close to 0.5 indicate the formation of monodomain particles.
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Fig. 4.8. Variation of Mr /Ms of Sr0.82RE0.18Fe12- xAlxO19 as a function of Al3+
content.
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Fig. 4.9. Variation of coercivity of Sr0.82RE0.18Fe12- xAlxO19 as a function
of Al3+ content.

The variation of coercivity of Sr0.82RE0.18Fe12- xAlxO19 as a function of Al3+
content is shown in Fig 4.9. Coercivity of samples increases linearly with increasing
value of Al3+ content. It is observed that the coercivity of the RE3+-Al3+ doped
samples is significantly higher than that of coercivity of only Al3+ doped SrFe12xAlxO19.

The coercivity of SrFe12O19 is often associated to the magnetocrystalline

trigonal 2b site [19]. Al3+ doping causes decrease in number of Fe3+ ions in trigonal
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pyramidal 2b sites which in turn changes magnetocrystalline anisotropy significantly.
This change in anisotropy promotes increase in coercivity.
The observed trend in coercivity can be explained as follows.
1) Stoner- Wohlfarth relation [41] shows that
Hc= K1/Ms
Where K1 is magneto crystalline anisotropy, and Ms is saturation
magnetization. With Al3+ doping, saturation magnetization, Ms decreases thus
coercivity, Hc increases. In addition Al3+ doping also alters magnetocrystalline
anisotropy of Sr0.82RE0.18Fe12- xAlxO19 via changes in 2b site which contributes
most of the magnetocrystalline anisotropy of the hexaferrites. Thus decrease in
saturation magnetization, Ms and changes in K1 enhances coercivity of
Sr0.82RE0.18Fe12- xAlxO19 with Al3+ substitution.
2) The grain size also affects the coercivity since grain size of Al3+ doped sample
is smaller the critical size 560 nm of Sr0Fe12O19[40], the particle are singe
domain. In the absence of domain wall, the energy required to flip the moment
is high thus the grain refinement contributes significantly to the coercivity.
3) Among all RE3+, Gd doped samples show high coercivity, most likely due to
its finer grain size as compared to other RE (Sm, Pr) doped Sr0.82RE0.18Fe12xAlxO19.

The variation of Curie temperature Tc, as a function of Al3+content for
Sr0.82RE0.18Fe12- xAlxO19 is shown in Fig. 4.10 and values are listed in the
TABLE 4.3. From the Fig. 4.10, it is observed that Tc is decreasing with Al3+
content. The Tc decreases at the rate of -58 ℃ per Al3+ content of all the
samples. The Pr3+ substituted ferrite exhibits maximum value of Tc≈465.21℃
for x=0.The following factors affect the super-exchange interaction which
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results from the following factors (1) substitution of Al3+ for Fe3+ decreases
number and strength of the super exchange interaction, Fe3+-O2—Fe3+, (2)
conversion of higher spin Fe3+ to lower spin Fe2+ with RE3+ substitution also
reduces the strength of super exchange interaction, and (3) lattice contraction
alters the bond length of Fe3+-O2—Fe3+ from its optimum value. The above
combined factors lead to the reduction in Tc with RE3+ and Al3+ substitution.
The observed variation of Tc values among RE3+ Sr0.82RE0.18Fe12- xAlxO19
results from the slight variation in magnetic moments of RE3+, viz.
Pr3+(3.5𝜇𝐵 ), Sm3+(2.68𝜇𝐵 ) Gd3+ (8.0𝜇𝐵 ).

Pr
Sm
Gd
SrFe12-xAlxO19

460

440

Tc (ºC)

420

400

380

360

340
0.0
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1.0

1.5

2.0

x, Sr0.82RE0.18Fe12-xAlxO19
Fig. 4.10. Variation of Cure temperature, Tc, of Sr0.82RE0.18Fe12- xAlxO19 as a function
of Al3+ content.
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TABLE 4.3
SATURATION MAGNETIZATION, MS, REMANENCE,Mr, SUARENESS RATIO,
Mr/Ms, COERCIVITY, Hc AND CURIE TEMPERATUR, TC, OF
Sr0.82RE0.18Fe12- xAlxO19.
Samples
Ms (emu/g) Mr(emu/g) Mr/Ms
Hc (kOe) Tc (⁰C)
Sr0.82Pr0.18Fe12O19
Sr0.82Pr0.18Fe11.5Al0.5O19
Sr0.82Pr0.18Fe11Al1O19
Sr0.82Pr0.18Fe10.5Al1.5O19
Sr0.82Pr0.18Fe10Al2O19
Sr0.82Sm0.18Fe12O19
Sr0.82Sm0.18Fe11.5Al0.5O19
Sr0.82Sm0.18Fe11Al1O19
Sr0.82Sm0.18Fe10.5Al1.5O19
Sr0.82Sm0.18Fe10Al2O19
Sr0.82Gd0.18Fe12O19
Sr0.82Gd0.18Fe11.5Al0.5O19
Sr0.82Gd0.18Fe11Al1O19
Sr0.82Gd0.18Fe10.5Al1.5O19
Sr0.82Gd0.18Fe10Al2O19
SrFe12O19*
SrFe11.5Al0.5O19*
SrFe11Al1O19*
SrFe10.5Al1.5O19*
Sr0Fe10Al2O19*
*Lou et al. [19]

4.5

62.24
53.46
45.18
37.75
30.45
57.17
49.51
41.19
34.58
28.04
56.88
49.74
41.38
34.21
27.26
59.33
46.68
43.49
40.98
36.50

30.89
26.47
22.28
18.71
15.19
28.84
24.60
19.88
16.73
13.55
28.33
24.78
20.47
16.73
13.55
38.10
26.85
26.17
26.06
20.00

0.496
0.495
0.493
0.495
0.498
0.504
0.496
0.482
0.483
0.483
0.498
0.4981
0.4946
0.4890
0.4970
0.6421
0.5751
0.6017
0.6359
0.5479

5.46
6.43
8.27
9.35
9.38
5.45
6.52
8.02
9.41
11.29
5.45
6.82
8.37
9.52
12.21
4.29
2.44
3.34
6.29
7.40

465
429
404
371
349
464
428
396
366
338
463
428
395
364
338
459
429
409
378
341

DC Electrical resistivity
DC Electrical resistivity of three sets of samples were measured in the

temperature range from 278 to 363 K using two probe method. Fig. 4.11. (a), (b), (c)
shows the variation of electrical resistivity as function of temperature of
Sr0.82RE0.18Fe12-xAlxO19. It is observed that electrical resistivity decreases with
temperature exhibiting semiconducting behavior of samples. It is observed from the
Fig.4.11. (a), (b), and (c) that the Al3+ doping increases electrical resistivity at room
temperature. The highest electrical resistivity was observed for Gd-Al3+ samples
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(𝜌~15.2𝑥107ohm-cm) while the lowest for Pr-Al3+ sample (𝜌~1.28𝑥107ohm-cm) for
x=0.
The activation energy was calculated using Arrhanius equation by plotting
ln (𝜌) vs 1000/T. The ln (𝜌) VS. 1000/T plots are shown in Fig. 4.12. (a), (b), and
(c). The slope of these plots give activation energy and are listed in TABLE 4.5. Fig
Fig.4.13 shows the plot of activation energy vs RE3+- Al3+ content. The activation
energy increases with Al3+ content in all set of the samples.
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Fig. 4.11. Electrical resistivity as a function of temperature for
(a) .Sr82Pr0.18Fe12- xAlxO19 (b) Sr0.82Sm0.18Fe12-xAlxO19 , and (c)
Sr0.82Gd0.18Fe12-xAlxO19.
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Fig. 4.12. Plot of ln (𝜌) as a function of 1000/T for Sr0.82RE0.18Fe12-xAlxO19.
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Fig. 4.13. Variation of activation energy of Sr0.82RE0.18Fe12-xAlxO19 as a
function of Al3+ content.

TABLE 4.4
RESISTIVITY IN ((x107Ω-cm) OF Sr0.82RE0.18Fe12-xAlxO19.
Composition
x=0.0 x =0 .5 x =1.0 x =1.5
x =2.0
Sr0.82Pr0.18Fe12xAlxO19
0.1498 0.1828 0.1983 1.1941 1.286
Sr0.82Sm0.18Fe12xAlxO19
0.1262 0.1521 0.7061 0.9106 1.145
Sr0.82Gd0.18Fe12xAlxO19
1.058
10.222 10.92
10.223 15.24

TABLE 4.5
ACTIVATION ENERGY IN (eV) OF Sr0.82RE0.18Fe12-xAlxO19
Composition
x =0
x =0.5 x =1
x =1.5 x =2
Sr0.82Pr0.18Fe12xAlxO19
0.2319 0.254
0.2972 0.312
0.3623
Sr0.82Sm0.18Fe12xAlxO19
0.2692 0.297
0.3271 0.342
0.3875
Sr0.82Gd0.18Fe12xAlxO19
0.3633 0.4158 0.4283 0.436
0.4532
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Conduction mechanism in the ferrites can be explained on the basis band theory
or Verwey hopping model. According to the band theory, the temperature dependence
of conduction is mainly due to the variation in the charge carrier concentration with
temperature, while in the hopping model, the change in their mobility with
temperature leads to the conduction current by jumping or hopping from one iron to
next [42]. The electronic conduction in hexaferrites is mainly due to hopping of
electrons between the ions of the same element present in more than one valance
states i.e. Fe3+ ↔ Fe2+ at different sites [43]. The electrical resistivity increases with
Al3+ content at room temperature which can be explained on the basis of site
occupancy, grain size, and contact surface between two grains etc. As mentioned
earlier, Al3+ predominantly occupies the 12k octahedral sites which decrease in Fe3+
ions and hopping electrons [28], leading to an increase in electrical resistivity.
Furthermore grain size also plays important role in hoping conductivity. For bigger
grains, the number of Fe2+ and Fe3+ ions is greater than that of smaller gains due to
which hopping of electron is easy [44]. The conductivity is also affected with RE3+,
as Fe3+converts into Fe2+ for maintaining charge neutrality. Thus the decrease in Fe3+
due to RE3+ addition further increases resistivity of the samples. The resistivity of the
bulk ferrite SrFe12O19 is reported as 1.67× 106 Ω-cm [45] and nanosized material with
same composition is reported as 2.04× 108 Ω-cm [46]. In general it is observed that
RE- doped strontium ferrite have high resistivity and are preferred for the microwave
device applications.
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4.6

Dielectric Measurement
Dielectric constant is the ratio of permittivity of the material to the permittivity

of the free space or vacuum. It indicates how materials can be polarized on
application of external electric field. It is also known as relative permittivity material.
When an external alternating field is applied to the ferrites, the oscillating field drives
charges back and forth between the two alternative configurations. This charge
motion forms an electric current. If there is no losses, the current is 90° out of phase
with the applied voltage. In real dielectric material, this current dissipates energy just
as a current in a resistor does giving a small phase shift [47]. Loss tangent is defined
as tangent of the phase shift which also represents the dissipation factor. It means that
the materials which have higher dielectric constant and higher loss tangent, there is
more power loss in the materials.
The variation of dielectric constant and tangent loss (𝛿) of Sr0.82RE0.18Fe12xAlxO19 was

measured as a function of frequency at room temperature. The dielectric

behavior of the each samples was found different depending upon types of RE3+ and
Al3+ content. RE3+-Al3+ dependence of dielectric constant as function of frequency
for Sr0.82RE0.18Fe12-xAlxO19 in low (100Hz-10MHz) and high (200MHz-13700MHz)
frequency range shown in Fig. 4.14. (a), (b), Fig. 4.15 (a), (b), and Fig. 4.16. (a) and
(b). It is observed that dielectric constant decreases with the increase in frequency in
low frequency range. However, in high frequency range, the dielectric constant
initially decreases and becomes constant at above f≈3.5GHz.
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Fig. 4.14. (a) Dielectric Constant of Sr0.82Pr0.18Fe12-xAlxO19 as a function of
frequency in low and high frequency range.

Fig. 4.14. (b) Tangent loss of Sr0.82Pr0.18Fe12-xAlxO19 as a function of
frequency in low and high frequency range.
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Fig. 4.15. (a) Dielectric Constant of Sr0.82Sm0.18Fe12-xAlxO19 as a function of
frequency in low and high frequency range.

Fig. 4.15. (b) Tangent loss of Sr0.82Sm0.18Fe12-xAlxO19 as a function of
frequency in low and high frequency range.

52

Fig. 4.16. (a) Dielectric Constant of Sr0.82Gd0.18Fe12-xAlxO19 as a function of
frequency in low and high frequency range.

Fig. 4.16. (b) Tangent loss of Sr0.82Gd0.18Fe12-xAlxO19 as a function of
frequency in low and high frequency range.

The dielectric constant initially decreases rapidly in low frequency range and
becomes almost constant in high frequency range. It is also observed that dielectric
constant and dielectric loss factor decreases with increasing Al3+ content. This
behavior of the materials can be explained by different models in low and high
frequency range separately. According to well-known Maxwell Wagner Model,
dielectric structure of the ferrite consists of two layers [48]. First layer is conductive
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layer which is made of grains and second layer is resistive layer made up of grain
boundaries. At low frequency, there is large value of dielectric constant due to the
grain boundary defects, interfacial dislocation, oxygen vacancies, etc. [49-50]. At low
frequency, applied alternating voltage on the ferrite drops across the thin grain
boundaries so that space charge polarization is set up across the grain boundaries. The
space charge polarization is governed by the available free charges on the grain
boundaries and conductivity of the sample [18].Though there is higher value of
dielectric constant at the lower frequency, the value decreases with the frequency
because frequency of electron hopping between Fe3+ and Fe2+ cannot follow the
alternating field. As the reduction in dielectric constant with frequency is associated
with the electronic hopping between Fe3+ and Fe2+ ions, the electric field does not
provide sufficient energy to the electrons to hop at low frequency range [39]. For high
frequency, the polarization decreases with increase in frequency of an external field
and reaches a constant value due to the fact that beyond the certain value of external
alternating field, the electron exchange between Fe2+ and Fe3+ cannot follow the
alternating field. It means that the frequency of exchange electrons lags behind the
frequency of applied field. The similar dielectric properties on the M-type barium
strontium heaxaferrite was discussed on [51], and explained on the basis of Maxwell
and Wagner model. The dielectric constant of all set of samples remains almost
constant in GHz range, but sudden drop at (12.7GHz) is due the fact that the
frequency of hopping electron between Fe3+ and Fe2+ becomes equal to the frequency
of the applied alternating field leading to the resonance absorption.
The dielectric loss factor also decreases with frequency due to high resistivity
comes from grain boundary and hence more electrical energy is required for hopping
of electronic charge between the Fe+2 and Fe+3 ions.
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CHAPTER 5
CONCLUSION

The present work explores the effect of Re3+-Al3+ substitution in
Sr0.82Re0.18Fe12-xAlxO19 hexafferite synthesized via autocombustion. Detailed
structural, magnetic, electrical and Mossbauer analysis were performed to establish
structural-property relation in as synthesized ferrites. Following key conclusions can
be drawn from this study.
1.

The unit cell and grain size reduction was observed upon RE3+-Al3+
substitution due to removal of Fe3+ with small non-magnetic Al3+ ions. The
reduction in grain size is more prominent in Gd3+-Al3+ doped samples as
compared to other two rare-earth elements. The reduction in grain size is
associated to the increased lattice strain.

2.

The room temperature magnetization was observed to decrease with increase
in Al3+ substitution in Sr0.82Re0.18Fe12-xAlxO19 due to magnetic dilution effect,
reduction in Fe3+-O2--Fe3+ strength due to lattice contraction, reduction in
number of super-exchange interactions, and conversion of Fe3+ to Fe2+ with
RE3+ substitution. Overall, Gd3+ doped samples exhibited higher
magnetization for all Al3+ doping level.

3.

The substitution of Al3+ for Fe3+ was observed to increase the coercivity of
Sr0.82Re0.18Fe12-xAlxO19. The increase in coercivity is attributed to reduction in
grain size leading monodomain grains, and change in magnetocrystalline
anisotropy. A maximum value of 12.21 kOe coercivity was observed for
Sr0.82Gd0.18Fe12-xAlxO19 as it also has smallest grain size among all rare-earth
substituted Sr0.82Re0.18Fe12-xAlxO19.
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4.

The Tc value was observed to decrease with Al3+ substitution due to reduction
in super-exchange interactions. Highest Tc value of 465.2 oC was observed for
Pr3+ doped Sr0.82Pr0.18Fe12-xAlxO19.

5.

The DC electrical resistivity of Sr0.82RE0.18Fe12-xAlxO19 was observed to
decrease with increase in temperature. The activation energy was observed to
be highest for Gd doped Sr0.82Gd0.18Fe12-xAlxO19. The observed higher
activation energy for Gd3+ doped sample is attributed to increased grain
boundaries and reduced grain size.

6.

The dielectric constant and dielectric loss were observed to decrease with
frequency. This behavior of dielectric constant was attributed to lagging of
hopping electrons behind applied alternating field. Also dielectric constant
decreases with the Al3+ content due to reduced number of Fe3+ ions.
In conclusion, the rare-earth doping did not affect magnetization of

Sr0.82RE0.18Fe12-xAlxO19 much but significantly enhanced coercivity and improved Tc
values to some extent. Also, rare-earth doping improved dielectric behavior of
Sr0.82Re0.18Fe12-xAlxO19. Among all rare-earths, Pr3+ doped sample showed higher Tc
value, 465.2⁰C, and low secondary phase 𝛼-Fe2O3. It can be concluded that RE3+ with
negative Stevens constant such as Pr3+, can be accommodated in hexaferrite easily
and can improve physical properties of the hexaferrite. It is clear that as synthesized
Sr0.82RE0.18Fe12-xAlxO19 ferrites have superior properties as compared to either
SrFe12O19 or SrFe12-xAlxO19 ferrites.
A further work is necessary to probe influence of RE3+ ions in hexaferrite by
systematically varying RE3+ substitution, conducting low temperature studies to
identify contribution to magnetocrystalline anisotropy and hyperfine parameters.
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